Ordered arrays of nanoelectrodes for electrochemical use are prepared by electron beam lithography (EBL) using polycarbonate as a novel e-beam resist. The nanoelectrodes are fabricated by patterning arrays of holes in a thin film of polycarbonate spin-coated on a gold layer on Si/Si 3 N 4 substrate. Experimental parameters for the successful use of polycarbonate as high resolution EBL resist are optimized. The holes can be filled partially or completely by electrochemical deposition of gold. This enables the preparation of arrays of nanoelectrodes with different recession degree and geometrical characteristics. The polycarbonate is kept on-site and used as the insulator that separates the nanoelectrodes. The obtained nanoelectrode arrays (NEAs) exhibit steady state current controlled by pure radial diffusion in cyclic voltammetry for scan rates up to approximately 50 mV s −1 . Electrochemical results showed satisfactory agreement between experimental voltammograms and suitable theoretical models. Finally, the peculiarities of NEAs versus ensembles of nanoelectrodes, obtained by membrane template synthesis, are critically evaluated.
Introduction
Sub-micrometre sized electrodes have become progressively more widely used for analytical applications thanks to the development of relatively easy nanofabrication procedures providing arrays or ensembles of nanodisc [1] [2] [3] [4] , or nanowire and nanocone electrodes [5] [6] [7] .
Arrays and ensembles have indeed the advantage of furnishing higher signals than individual nanoelectrodes, so that they do not require sophisticated electronic amplification.
Moreover, when composed by a large number of nanoelectrode elements they are less sensitive to fabrication defects, if these defects affect only a small number (statistically negligible) of elements of the array. Note that here we use the definition introduced by Martin in 1995 [1] and followed by others [2, 7] , where, in the nanoelectrode ensemble (NEE) and in the nanoelectrode array (NEA), individual nanoelectrodes are random or orderly distributed, respectively.
Bottom-up technologies, such as the template-based methods exploiting nanoporous membranes [1] [2] [3] , selfassembly of block copolymers [8] , defects in self-assembled (mono)layers [9] , are often used for obtaining NEEs. Topdown techniques, such as ion beam lithography [4, 10, 11] , electron beam lithography (EBL) [12] , nanoimprint [13] or scanning probe lithography [14, 15] , allow one to achieve high resolution nanostructuring, providing a precise positioning and sizing down to a scale of a few nanometres.
With respect to conventional macro (mm-sized) or even ultramicro (μm-sized) electrodes, NEEs/NEAs present remarkably lower double layer charging currents, enhanced mass fluxes and extreme sensitivity to the electron transfer kinetics [1, 3, 4, 16] . Depending on the distance between the nanoelectrode elements [17] , the scan rate [17] and the viscosity of the electrolyte [18, 19] , different diffusion regimes can be observed. They are [1, 2, 20, 21] : (A) total overlap regime, when radial diffusion boundary layers overlap totally; (B) pure radial, when the nanoelectrodes behave independently; (C) linear active, when the nanoelectrodes behave as isolated planar electrodes; (D) mixed diffusion regimes, that are regimes intermediate between cases (A) and (B). Both NEEs and NEAs can be used to prepare highly miniaturized electrode systems with improved S/N ratio [1, 2, 16, 22] , which can be functionalized for biosensing purposes [6, 23, 24] .
Several theoretical models address the electrochemical behaviour of arrays of inlaid or recessed nanoelectrodes [20, 21, [25] [26] [27] [28] . On the contrary, relatively few examples of effective nanofabrication methods for the preparation of ordered arrays of nanoelectrodes have been presented up to now. Errachid et al [10] and Arrigan's group [11] reported on the preparation and properties of arrays of recessed nanodisc electrodes surrounded by an insulating layer of Si 3 N 4 . Interdigitated gold nanoelectrodes were prepared on glass [29] or SiO 2 [30] as the insulator interposed between the electrodes. Godino et al [25] presented arrays made of a relatively small number of nanoelectrodes (namely, 16) prepared by EBL on poly(methyl methacrylate) (PMMA) as ebeam resist. Previously, Sandison and Cooper [12] prepared arrays of recessed gold nanodisc electrodes obtained by EBL and used as electrodes without removing the PMMA resist.
The idea behind the present study is to combine the principle of defining the geometry of the nanoelectrodes by opening holes in a polymer thin film (which acts as the insulator between the electrodes) with the prospect of using the polymer itself as a platform for further (bio)chemical functionalization [24, 31] . Preliminary experiments performed in our laboratory, aimed at preparing NEA with PMMA as e-beam resist and insulator [32] , did not provide completely satisfactory results, in particular as far as stability and reproducibility in electrolyte solution were concerned. For these reasons, in the present work we studied the possibility of using a commercially available polycarbonate (PC), based on bisphenol-A, as a novel resist for high resolution EBL, for NEAs' fabrication. Some years ago, Harnett et al [33] presented a study on the use of a different kind of polycarbonate, namely poly(cyclohexane carbonate) as a sacrificial layer in EBL. However, the latter polymer needs to be prepared on purpose and is not as well standardized as is bisphenol-A; moreover it requires solvents and developers unsuitable for the present purpose.
Indeed, 'classical' PC presents interesting properties since it is temperature resistant, has very good optical properties and rather good chemical compatibility and, most importantly, can be easily functionalized with biomolecules for advanced biorecognition purposes [24, 31, 32, 34, 35] . To the best of our knowledge, this is the first report demonstrating that commercially available bisphenol-A polycarbonate can be successfully employed as an e-beam resist for high resolution EBL (down to the tens of nanometre range) and as an insulating layer in NEAs. 
Experimental section

Materials and apparatus
α-methylferrocene methanol (FE) was from Sigma Aldrich, other chemicals were of analytical grade and used as received. Purified water was obtained by a Milli-Ro plus Milli-Q (Millipore) system. Electroanalytical measurements were carried out at room temperature (22±1
• C) in a three-electrode cell with a platinum coil counter electrode and an Ag/AgCl (KCl saturated) reference electrode, connected to a CHI Model 660A potentiostat. EBL was performed using a Zeiss 1540XB cross beam system.
Arrays and ensembles of nanoelectrodes
NEEs were prepared following the procedure introduced by Menon and Martin [1] , using recent improvements which allow a better control of the process [3, 6, 36] . Figure 1 shows the scanning electron microscopy (SEM) image of a NEE obtained by this procedure.
NEAs were prepared by the following procedure. A solution 3.2% w/v of PC in cyclopentanone was deposited by spin-coating on a Au film (20 nm thickness) deposited by thermal evaporation in high vacuum on Si/Si 3 N 4 . In order to improve adhesion of the Au film a thin Cr layer (5 nm thick) was pre-evaporated. Spin-coating of PC solution was performed at rotational speeds ranging between 1500 and 6000 rpm; resulting thicknesses (measured with a Dektak profilometer) ranged from 450 (at 1500 rpm) to 50 nm (at 6000 rpm). The spin-coating was followed by annealing at 170
• C for 5 min. Test patterns were exposed to a focused electron beam. The development was performed in 5 M NaOH solution at different temperatures, between 20 and 70
• C, followed by rinsing with water. Electrodeposition of gold within the holes was performed galvanostatically using a commercial gold bath (Karatclad, Grauer and Weil (India) Ltd), at a current density of 10 mA cm −2 .
The main geometrical characteristics of the arrays and ensembles studied in this work are summarized in table 1. 
Results and discussion
Optimization of parameters for NEA fabrication
The procedure here proposed for EBL on polycarbonate was inspired by the fabrication technology of track-etch membranes used for NEE preparation [3] , in which heavy ions are used to produce long cylindrical pores, random distributed, in polymeric materials [37] . Energetic heavy ions passing in the material create tracks that etch in concentrated alkaline solutions (NaOH) at a very different rate (V t ) from that of the bulk (V b ). In polycarbonate, the etching rate ratio V t /V b is between 10 2 and 10 5 [38] . In the present work we adapted the PC track-etch process to the case of radiation damage produced by an energetic electron beam controlled in an advanced EBL system to fabricate ordered NEAs. The NEAs used for lithographic tests were prepared using a gold film evaporated on silicon as substrate so that the gold will act as a recessed electrode after the opening of holes in the polycarbonate film. Note that the Au film is necessary also to protect the silicon substrate during the development which is performed in NaOH solution.
Given the unavailability of literature data, a broad dose range between 20 and 20 000 μC cm −2 at 30 kV acceleration voltage was tested. The pattern for the dose matrix consisted of a 10 × 10 array of dots. The resist was deposited by spincoating at 2000 rpm and was then baked at 170
• C for 5 min (thickness 120 nm) and developed in 5 M NaOH at 50
• C for 45 min.
The conditions for the development process were optimized by changing the temperature of the NaOH solution from 20 to 70
• C. The formation of large pinholes in the polymer film (see figure 2(a) ) was observed when the development was carried out at 70
• C, suggesting that the suitable temperature window for the development is in the range from 20 to 60
• C. Moreover, it was observed that the optimal dose for development performed at 50
• C is 2000 μC cm −2 at 30 kV. Figure 2 (b) shows a top view of 75 nm radius dots in a hexagonal array on PC film after e-beam exposure and development.
In order to inspect high resolution pattern (holes) and to verify that the developer reached the conductive gold film, gold was electrodeposited inside the holes using the Au on the bottom of the holes as electrode for the electroplating. Figure 2(c) shows the high resolution rods electroplated inside holes in spin-coated polycarbonate after removal of the polymer, with different diameters ranging from 600 nm down to 50 nm. This image shows that the holes were completely opened during the development so that gold nanorods were formed by the electroplating. Figure 2(d) shows that also lines of finely controlled width can be obtained; however, in the following we will focus only on disc or hole electrodes. This evidence confirms the suitability of PC for high resolution patterning by EBL. Figures 3 shows the SEM images of dots partially or completely filled with electroplated gold, prepared using different electroplating time, namely 0, 10, 20 and 30 s, respectively. These results confirm that the recession depth (l) can be controlled at pleasure since it decreases with increasing the deposition time. It is worth mentioning that measured l values are in agreement with the values calculated on the basis of the charge involved in the deposition process. However, some cracks were observed between the gold deposited and the polycarbonate. This problem was minimized by heating at 155
• C (PC glass transition temperature is 150
) for 15 min; the shrinking of the PC allowed the lateral sealing of the nanoelectrodes.
Electrochemical characterization of NEAs
NEAs prepared following the optimized procedure above described, were tested electrochemically by using FE as a reversible redox probe [39] . Figure 4(a) shows the cyclic voltammograms recorded at a scan rate (v) of 10 mV s −1 with an NEA composed of a 75 nm radius dot with 100 nm recession depth in a hexagonal array on a PC film in 10 −4 M FE and NaNO 3 as the supporting electrolyte of concentration 0.01 or 0.5 M (dashed and solid line, respectively). The voltammetric patterns are sigmoidally shaped, indicating a radial diffusion regime. Godino et al [25] observed sigmoidal CVs using NEAs of very small overall dimension (15 μm × 15 μm, for 16 nanoelectrodes) even when the nanoelectrodes crosstalk each other, since lateral diffusion at the perimeter of the overall array dominated the process. This is not the case here, where the number of nanoelectrodes at the perimeter of the field is statistically negligible with respect to the total number of nanoelectrodes (see table 1 ). This is reflected also in the recording of rather large steady state currents (of the order of 2 × 10 −8 A), even if the analyte concentration is quite low (10 −4 M). This evidence indicates that, in our NEA, the sigmoidal shape of the CV is due to the occurrence of the pure radial regime, that is, the diffusion hemispheres around individual nanoelectrodes do not overlap and there is no crosstalk between the electrodes.
For comparison, figure 4(b) shows the cyclic voltammogram recorded at an NEE at the same scan rate as in figure 4(a) . It was previously proved that peak-shaped voltammograms obtained at NEEs are due to the operativity of the total overlap diffusion regime [1] [2] [3] . At the NEA, a slightly higher current signal is recorded at higher supporting electrolyte concentration, as shown by the solid line curve in figure 4(a) . This is probably related to the role of the electrical resistance of the electrolyte solution which is known to play a relevant role producing some distortion of voltammetric responses at recessed nanoelectrodes [11] . Figure 5 compares the current densities for the same NEE and NEA in figure 4 , calculated with respect to the geometric area ( figure 5(a) ) and active area ( figure 5(b) ). The geometric area is defined as the overall area of the nanoelectrodes plus insulator exposed to the sample solution; the active area is the overall area of the nanoelectrodes alone [1] . As expected on the basis of previous considerations [2, 3] , the current density of the NEE is higher than at the NEA if the overall geometric area of the array is taken into account. The opposite is true, that is the current density is higher at the NEA versus NEE when the current density is evaluated with respect to the active area. This is because at the NEE in total overlap condition, 100% of the geometric area contributes to producing the faradic signal, while at the NEA under pure radial conditions, the nanoelectrodes do not cross-talk and the transduction efficiency at each nanoelectrode reaches its maximum [20, 27] ; however, at NEAs the percentage of geometric area taking part in the diffusion of the analyte is less than 100% of the overall geometric area of the array.
As shown in figure 6 , sigmoidally shaped CVs are observed at our NEA over a relatively broad range of scan rates (5-50 mV s −1 ). Under these conditions the only current signal that changes is the double layer charging current, which increases with the scan rate, while the faradic limit current remains constant. As shown in figure 7(a) , a transition from sigmoidal, to mixed, to peak-shaped CVs was observed at higher scan rates, namely 100 mV s −1 . Taking into account that the nanoelectrodes in the array are recessed, the sigmoidal shape of the CVs for v < Figure 5 . CVs recorded at an NEA (full line) and at an NEE (dashed line) plotted using current densities calculated with respect to the geometric area (a) and active area (b). 50 mV s −1 reflects the radial diffusion of redox molecules from outside the pores, whereas the peak-shaped CVs for v ∼ 500-1000 mV s −1 originate from linear diffusion within the nanopores. maximum current (i.e. the limiting current in a sigmoidal CV and the peak current in a peak-shaped CV) on the square root of the scan rate. At low scan rates (v 50 mV s −1 ) the current is almost constant and then it increases up to reaching a linear dependence with the square root of the scan rate at high scan rates (v > 200 mV s −1 ). Once again, the constancy of the plateau current at low scan rates confirms, under such conditions, a pure radial diffusion behaviour. On the other hand, peak-shape and dependence of I p on v 1/2 at high scan rates, agrees with linear active diffusion within the restricted volume of the recessed pores. Similar behaviour was recently observed by Ito's group, when studying the cyclic voltammetric behaviour at ensembles of recessed nanoelectrodes, prepared from track-etched polycarbonate membranes [40, 41] .
The behaviour observed at our NEAs appears better defined than the one reported for PMMA-NEAs by Sandison and Cooper [12] , in that, with our NEAs a well defined radial diffusion regime is achieved at scan rates lower or equal to 50 mV s −1 while for the NEAs in [25] , mixed diffusion conditions seem to rule the voltammetric behaviour, even at scan rates as low as 10 mV s −1 . From a theoretical viewpoint, the CV patterns at our NEAs are in agreement with what was predicted by Guo and Lindner [21] according to which recessed NEA behaviour is determined by the values of the adimensional parameters δ = d/r and L = l/r , where d is the centre-to-centre distance between two adjacent nanoelectrodes in the array, r is the nanoelectrode radius and l is the recession depth. In the case of the NEA of figures 4 and 5, δ = 40 and L = 1.3. From the plot presented in figure 5 of [21] one can conclude that the minimal δ value to observe the pure radial regime, when L = 1.3, is approximately δ = 11. This means that the δ value of our NEAs (equal to 40) is large enough to prevent any cross-talking between the nanoelectrodes, at low scan rates.
The effect of the recession on the electrochemical behaviour of the arrays was investigated by changing the recession depth by electrochemical deposition of different thicknesses of gold within the pores. The comparison of the voltammograms recorded at 10 mV s −1 at an NEA with nanoelectrodes of 75 nm and recession depths of 120 nm and 400 nm, are shown in figure 8 by the full and dashed lines, respectively. In both cases the voltammograms are sigmoidally shaped. According to the model proposed by Bond et al for a single recessed microelectrode [42] , the steady state limiting current at recessed electrodes (acting individually) is a function of both the disc radius, r , and the recession depth, l, and is given by
where n is the number of electrons exchanged, F is the Faraday constant, C is the analyte concentration and D is the diffusion coefficient. According to equation (1), the limiting current decreases by increasing the recession depth; for the case of the NEAs of figure 8 , the theoretical ratio between the current values calculated by equation (1) is
The same ratio, calculated from experimental steady state currents in figure 8 , measured at the potential of 500 mV, is 2.30, which is in good agreement with the theoretical value. The evidence that the model developed for an individual recessed microelectrode fits well for our array of a very large number (11 000) of nanoelectrodes, confirms that in our NEA each nanoelectrode behaves individually and that boundary effects as well as possible fabrication defects on individual nanoelectrodes are statistically negligible.
With respect to membrane templated NEEs, NEAs obtained by EBL show important advantages, such as exactly controlled geometry and the possibility to achieve the pure radial diffusion regime. The behaviour of PC-based NEAs was stable and reproducible over a period of several months. In particular, measurements performed with the same NEA in the same experimental conditions (10 −4 M FE in 0.5 M NaNO 3 ) over a time span of eight months gave a maximum range of variability in steady state currents within 6%.
Conclusions
Polycarbonate spin-coated on gold was shown to behave as a superb e-beam resist, with a wide exposure dose window (1000 to 10 000 μC cm −2 ) at 30 kV acceleration voltage and with a wide development temperature window (from room temperature to 60
• C). High resolution nanolithography of polycarbonate enabled the fabrication of ordered arrays of electrochemical nanoelectrodes of 75 nm radius; the recession depth of the nanoelectrodes can be controlled at will by performing an additional electroplating step. Obtained NEAs furnish well defined voltammetric signals, controlled by pure radial diffusion with no cross-talking between the electrodes; the observed electrochemical behaviour agrees with what was expected on the basis of recent theoretical models.
These characteristics, together with the good time stability and reproducibility, indicate that PC-based NEAs can be applied for the development of advanced electrochemical nanosensors, which can be prepared by exploiting the wide range of functionalization protocols available for polycarbonate.
